We introduce here multiplex nonlinear optical imaging as a powerful tool for studying the molecular organization and its transformation in cellular processes, with the specific example of apoptosis. Apoptosis is a process of self-initiated cell death, critically important for physiological regulation and elimination of genetic disorders. Nonlinear optical microscopy, combining the coherent anti-Stokes Raman scattering (CARS) microscopy and two-photon excited fluorescence (TPEF), has been used for analysis of spatial distribution of major types of biomolecules: proteins, lipids, and nucleic acids in the cells while monitoring their changes during apoptosis. CARS imaging revealed that in the nuclei of proliferating cells, the proteins are distributed nearly uniformly, with local accumulations in several nuclear structures. We have found that this distribution is abruptly disrupted at the onset of apoptosis and is transformed to a progressively irregular pattern. Fluorescence recovery after photobleaching (FRAP) studies indicate that pronounced aggregation of proteins in the nucleoplasm of apoptotic cells coincides with a gradual reduction in their mobility. biomolecular distribution | CARS imaging | cell A poptosis, a highly regulated process of cell death, is an integral part of basic physiologic regulation, including tissue development and homeostasis (1), immune system operation (2), elimination of genetic disorders, and cancer prevention (3) . An erroneous initiation of apoptosis in cells of neural tissue may lead to severe neurodegenerative diseases such as Alzheimer's, Huntington, and Parkinson (4) . Because of the evident significance of apoptosis for the fate of an organism, considerable efforts have been dedicated to advance the understanding of this process. Along with the exploring of molecular mechanisms of initiation and regulation of apoptotic pathways, the study of the dynamics of transformations in structural organization of the apoptotic cell contributes both to the fundamentals of biology as well as to applied biomedicine (5, 6) . A number of prominent morphological markers such as cytoplasmic membrane blebs, collapse of the subcellular structures, cell shrinkage, condensation, and fragmentation of the cell nucleus, etc. are routinely used for the identification of the apoptotic cells (7) . However, due to the massive scale and high dynamics of structural transformations, a molecular organization of apoptotic cells has remained evasive to study by conventional biochemical and optical approaches. Traditional fluorescent methods are mostly invasive by nature, limited to visualization of the labeled molecules only and can cause severe structure artifacts and necrosis in live cells (8, 9) . The understanding of molecular organization of cells and tissues can be significantly enhanced by utilizing optical vibrational spectroscopy/microscopy tools. For example, Raman spectroscopy analysis has been successfully used to detect the concentration changes of RNA, proteins, and lipids in apoptotic cells (10) (11) (12) .
Coherent anti-Stokes Raman scattering (CARS), which is nonlinear Raman scattering with anti-Stokes wave detection, provides an advanced noninvasive and label-free technique capable of selective imaging of major types of macromolecules: proteins, lipids, nucleic acids, and saccharides. It involves vibrationally resonant four-wave mixing at specific molecular vibration frequencies and provides sensitivity sufficient for real-time cellular imaging comparable to that of fluorescence microscopy technique. For structural characterization of biological objects, CARS microscopy allows extracting detailed information on the major macromolecular compositions and can be used to track local biochemical changes during the apoptotic process. The first report of CARS to image the apoptotic cells utilized excitation of aliphatic C-H oscillations in the membrane lipids (13) . These observations, however, did not consider contributions of other intracellular macromolecules with aliphatic C-H bonds.
At the same time, proteins, rich in aliphatic C-H bonds, are essential components of the entire cellular organization. In the cell nucleus, which is the largest organelle harboring genome and regulating essentially all cellular functions, proteins are the most abundant molecules with estimated concentration range of 100-400 mg∕ml (14, 15) . The dynamics and distribution of the intranuclear proteins population are among the most important factors in the structure and function organization of the cell nucleus, indispensable for understanding of the complexity of processes in apoptotic cells.
Here, we employ high resolution CARS combined with twophoton excited fluorescence (TPEF) to monitor the distribution of major types of macromolecules in live proliferating and apoptotic cells. To the best of our knowledge, this is the first study of the dynamics of macromolecular distribution throughout apoptosis. The selectivity of CARS microscopy was enhanced by utilizing synchronously generated TPEF images, using the same experimental instrumentation. CARS microscopy normally applies high intensity picosecond IR laser pulses (16) , and therefore simultaneous generation of the fluorescence signal in the TPEF mode can be achieved (17) by introducing an appropriate fluorescence probe. This combined nonlinear multiplex imaging technique allows for a synchronous visualization of a variety of biomolecules, e.g., proteins and lipids by CARS, along with the molecules tagged with the fluorescence probes in TPEF mode. Because this multimodal approach combines the high specificity of fluorescence detection and ability for noninvasive visualization of entire groups of biomolecules by CARS imaging, it can provide an additional layer of information for biomedical applications.
In order to study the mobility of protein macromolecules during apoptosis, fluorescence recovery after photobleaching (FRAP) was applied. While CARS/TPEF imaging reflects the distribution of macromolecules, the FRAP measurements characterize their kinetics, providing an additional dimension of information.
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This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1006374107/-/DCSupplemental. molecular organization of the cell and revealing sequential transformations of the intracellular macromolecular distribution throughout the apoptotic process.
Results and Discussion
The distribution of macromolecules in the cell interior along the development of apoptosis was studied using the multiplex nonlinear optical imaging setup (see Materials and Methods and Fig. S1 ).
The vibrational bands of the aliphatic C-H bond in the frequency range 2800-3000 cm −1 were chosen for acquiring the CARS spectra and imaging of cells. To image proteins and lipids separately, we used the difference in the corresponding Raman/ CARS bands (shown at the example of the spectra of bovine serum albumin and lipids extracted from bovine heart, where the distinct resonances for proteins at ∼2930 cm −1 and lipids at ∼2840 cm −1 are vividly seen) (see Fig. 1 ). The corresponding CARS signals in the forward direction (F-CARS) with the highest contrast between the resonant signal and the nonresonant background at the above frequencies were observed.
The CARS imaging was enhanced with the simultaneous acquisition of fluorescence signal of the specific molecules in the TPEF mode. For the monitoring of apoptotic progress, together with CARS signal of proteins and lipids, the imaging of genomic DNA and RNA was performed.
Because the DNA and RNA vibrational frequencies are barely distinguishable by the CARS approach, we stained these nucleic acids with acridine orange (3,6-Bis dimethylamino-acridine hydrochloride) and selectively visualized them in a TPEF mode in the red (RNA) and the green (DNA) fluorescent channels (18, 19) . For synchronous monitoring of proteins, lipids, DNA, and RNA patterns and their correlation, CARS and TPEF imaging were performed in the same cells. This multiplex microscopy allows for a nearly simultaneous imaging of proteins, RNA, DNA, and lipids, with a short delay of ∼30 sec to change to the resonance frequency from one value to another in the CARS channel.
In accordance with commonly accepted patterns (20) in the TPEF channels, the signal of genomic DNA was featuring negative staining of the nucleoli and showed minor fluctuations of the local signal intensity in the nucleoplasm. At the same time, the RNA signal, heavily accumulated in the nucleolus, reflected an intense synthesis of the ribosomal RNA and maturation of the ribosomes in this subnuclear compartment.
This experimental system allowed us also to design multiplex "hierarchical" imaging, when the specific molecules are mapped in the TPEF mode, together with the entire family of biomolecules in the CARS mode. In particular, in our study, we used this option to monitor specific protein markers of nuclear structurefunction domains (SC-35, PML protein, CENPB, Nucleolin, Lamin A/C) along with the entire pool of the nuclear proteins, thus acquiring an additional layer of information on the macromolecular organization of the cell.
In order to establish the physiological distribution of macromolecules, we performed high resolution multiplex nonlinear CARS/TPEF imaging throughout the interphase of the cell cycle as well as during the execution of apoptosis.
Based on analysis of several hundred cells, our data were very reproducible. During the imaging live cells were maintained at the physiological conditions as described in Materials and Methods. Representative distributions of the major groups of macromolecules-proteins and lipids in the CARS mode along with RNA and DNA in the TPEF mode in both the exponentially growing and the apoptotic cells-are presented in Fig. 2 and Fig. S2 .
A detailed analysis of the acquired images expands the canonic views on the structural organization of the cell nucleus and traces the progressive transformations in the distributions of macromolecules in the process of apoptosis.
In the nuclei of exponentially growing cells, we have observed that the signal from proteins was accumulated in the nucleolus and the nuclear lamina ( Fig. 2A and Fig. 3 ) as it was confirmed by an overlap with nucleolin and lamin A/C staining performed in fixed cells. At the same time, to our surprise, we observed only minor variations in the proteins' signal intensity in the rest of the nuclear volume, including many prominent subnuclear domains, as is shown in Fig. 3 . For instance, in the nuclear speckles, which serve as the hubs for RNA processing and certain proteins' modifications and locally accumulate numerous protein-based enzymes (21-23), we observed only minor fluctuation in the proteins' signal intensity (Fig. 3) . Similar uniform distribution of proteins was also observed in the clusters of heterochromatin, and the PML bodies.
We thus conclude that, despite a remarkable heterogeneity in the molecular content of the subnuclear domains (21, 24, 25) , the overall concentration of protein molecules is relatively uniform in substantial part of the nuclear volume (Fig. 3) .
For the interpretation of our results, a concept of self-organization of the cell nuclear structure (14, 26) can be applied. This model, based on fluorescent visualization of specific nuclear factors (26, 27) , assumes that many macromolecules are distributed in the nuclear volume via the nearly stochastic motion, which facilitates their productive interactions and provides a basis for the dynamic formation of subnuclear structure-function domains (15, 26) . Consistently, a quasi-uniform distribution of proteins in the cell nuclear volume revealed by our CARS imaging, (Figs. 2  and 3 and Fig. S3 ) is caused, apparently, by fast circulation of protein molecules, including constituents of many subnuclear domains via homogeneous, most probably thermal, diffusion, which results into overall concentration balance under the thermodynamic equilibrium conditions.
In the cytoplasm, as it is shown in Fig. 2 and Fig. S2 , the CARS signal reveals accumulation of proteins into mildly polarized cytoskeleton fibers. The CARS signal of lipids is dominant in the cytoplasmic membrane and the nuclear envelope (Fig. S2) . Often cytoplasmic inclusions in the form of lipid droplets were seen.
Previously, by the immunocytochemical approaches, it has been shown that during the apoptosis the nuclear structure-function domains collapse, agglomerations of macromolecules at the advanced stages of apoptosis may form de novo, chromatin transforms to compact chromatin bodies, and the entire nucleus shrinks (28) (29) (30) . The scale and dynamics of macromolecular transformation can further be comprehensively assessed by CARS imaging, uniquely enabling noninvasive data collection during the entire process of apoptosis.
To study the molecular distribution in the apoptotic cells, the apoptosis was initiated (31) and a progressive reorganization of the cell nucleus was followed. The early stages of apoptosis were identified by the RNA distribution pattern. In 30 minutes after initiation of apoptosis, we observed that RNA staining persisted only at the nucleolar periphery (Fig. 2B and Fig. S2B ), while in the nucleolar interior, where the rRNA synthetic/processing machinery is accumulated (32), only a weak RNA signal was seen (Fig. 2) . This transformation of nucleolus is due to suppression of the ribosomal RNA synthesis and is one of the earliest hallmarks in the apoptotic development (33) .
The protein's CARS signal reveals a striking reorganization of the nucleoli at this early stage of apoptosis (Fig. 2B) . The protein molecules were accumulated in globules at the periphery of the nucleolus (Fig. 2B Inset) . In the nucleolar interior, we observed a significant decrease in the signal intensity (Fig. 2B) ; the remaining nucleolar proteins dramatically changed their distribution to a progressively forming globular meshwork (Fig. 2D, Inset) . At a more advanced stage of apoptotic progression (∼5 hours and longer), proteins almost completely abandoned the nucleolus. In the late apoptotic cells, the residual nucleoli appeared as mostly hollow domains, depleted of proteins and with diffuse RNA staining (Fig. 2E) . Finally, the nucleoli completely disintegrated following ∼24 hours of apoptotic development (Fig. 2F) .
In the nucleoplasm outside of the nucleolus, as shown in Fig. 2 , we observed a pronounced redistribution of proteins to a less uniform pattern. In the nuclei of early apoptotic cells, proteins formed focal accumulations of ∼0.5 μm in diameter, designated here as "apoptotic nuclear protein granules" (ANPG). These ANPG are hallmarks of early stages of apoptosis and appear in the nucleoplasm following ∼30 minutes after the initiation of this process. The number of ANPG reached a maximum at approximately 1 h of the apoptotic process when, on the average, 15-20 bright foci per cell nucleus were regularly seen (Fig. 2C  Inset, arrowheads and Fig. S3 ). Then, 90-120 min following the apoptotic initiation, ANPG became less intense and less numerous and, finally, could not be distinguished anymore from the background of nuclear proteins (Fig. 2 D-F) .
Further transformations during apoptosis led to a progressive aggregation of proteins. Just several hours after the apoptotic initiation, the cell nuclei exhibited protein accumulations in clusters of several tens of cubic microns, as demonstrated by signifi- cant fluctuations of the signal intensity (Fig. S3) . Furthermore, at the late stages of apoptosis, when the nuclear chromatin is being clustered to dense chromatin bodies, we observed a partial segregation of DNA and proteins, with multiple protein accumulations in gaps between the chromatin bodies ( Fig. 2 E and F) .
Thus, the CARS microscopy data presented in Fig. 2 and Fig. S3 demonstrate that apoptosis development is accompanied by a pronounced aggregation of nuclear proteins throughout the cell nucleus. Such protein aggregation can be caused by numerous factors in the apoptotic development, such as caspase mediated proteolytic cleavage (34) , collapse of the subnuclear compartments (35, 36) , random interaction of damaged macromolecules, etc. Furthermore, a progressive emergence of protein aggregates is indicative of trapping of nuclear macromolecular complexes, which can interfere with their mobility.
To support the interpretation of CARS imaging results by measuring the proteins' intranuclear mobility during the apoptosis, the FRAP experiments (37) on the cells transfected with green fluorescent protein (GFP) were carried out. The FRAP experiments were performed at random spot-bleached sites in the nucleoplasm of either nontreated or apoptotic cells (Fig. 4A) ; over 50 cells in total were analyzed. Because no specific interactions of nuclear constituents and GFP are expected, we utilized the fluorescence recovery rate for the evaluation of overall diffusion kinetics of native nuclear proteins along the execution of apoptosis. The averaged FRAP results point to a progressive slowdown in fluorescence recovery as the apoptosis develops (Fig. 4B ). In the nonapoptotic cells, the fluorescence half-recovery time varied from 0.18 to 0.5 sec, whereas in cells at second, fourth, and 24th hours following apoptosis initiation, this parameter was ranging from 0.42 to 0.92 sec, from 0.5 to 2.65 sec, and from 0.58 to 7 sec, respectively (Fig. 4) . We have further observed that at more advanced stages of apoptotic development the GFP in the cell nucleus became virtually immobile (Fig. S4) . Thus, we measured a steady decrease in the average GFP mobility as apoptosis progressed. The variability in GFP mobility observed in the different cells was caused, apparently, by asynchrony in the development of apoptosis.
CARS/TPEF imaging and FRAP measurements were performed using the same protocol for apoptosis induction and analyzed over a significant number of experiments in order to find correlation and to generalize data obtained by these techniques. The CARS microscopy data and the FRAP measurement together demonstrate that the major transformations of the nuclear structure seen in apoptotic cells may correlate with a reduction in the diffusion rate of macromolecular complexes in the cell nuclei. A correlation of the data obtained in CARS and FRAP experiments emphasizes the importance of stochastic molecular motions for the formation and maintenance of nuclear structure.
In summary, our data, based on combined applications of multimodal CARS/TPEF nonlinear optical imaging, together with FRAP study, allowed us to monitor the macromolecular compositions of the cellular interior and their characteristic specific transformations during apoptosis. Our results provide previously undescribed details on the formation of apoptosis hallmarks and clearly contribute to an understanding of correlation between the macromolecular distribution and the physiological condition of the cell.
Materials and Methods
Cell Culture, Fluorescent Staining, and Induction of Apoptosis. HeLa cells were grown in glass-bottom dishes (Mattek) and cultured in Advanced DMEM (Invitrogen), supplemented with 2.5% fetal calf serum (Sigma) at 37°C in a humidified atmosphere containing 5% CO 2 . To stain nucleic acids, the cells were incubated for 20 min with 5 μM acridine orange. For the immunolabeling, cells were fixed 12 min in 4% PFA/PBS and permeabilized 5 min in 0.25% Triton X-100. The following antibodies were used: mouse anti-SC35 and antilamin A/C antibodies, rabbit anti-Centromeric Protein B, antinucleolin and anti-PML antibodies (Abcam). The secondary antirabbit and antimouse antibodies were conjugated with Alexa 488 (Invitrogen). Apoptosis was induced by incubation with 1.5 μM Staurosporine, the apoptotic initiation and viability of cells were monitored by annexin V-Cy3/Sytox Green apoptotic detection kit (Abcam). The above protocol (31) produces apoptosis in nearly 100% of cells. In CARS/TPEF live cells experiments, the cells were maintained at 37°C and 5% CO 2 in a Live-Cell incubator (Pathology Devices) mounted at the microscope stage. In the FRAP studies these physiological conditions were maintained by micro-environmental system from Warner Instrument Co.
CARS-TPEF Setup. A simplified schematic for the CARS setup (38, 39) is shown in Fig. S1 . A picosecond Nd : YVO 4 (picoTRAIN IC-10000, HighQ Laser) with pulse width ∼6 ps and a repetition rate of 76 MHz was used as the source of the Stokes wave at ω s (1064 nm) and for synchronous pump (532 nm) of tunable (680-980 nm) optical parametric oscillator (OPO, Levante, APE) with an output pulse width of ∼6 ps. The synchronously pumped OPO serves as a source of the pump/probe wave at ω p ¼ ω pump ¼ ω probe . The two picosecond laser beams are made coincident in time and space using a series of dichroic mirrors and line delay and focused onto the sample using a 60 × NA ¼ 1.3 Olympus objective lens. The configuration of our experimental setup enables the CARS imaging with the vibration frequencies in the spectral range of 900-3000 cm −1 . Six detection channels-two forward and four backward-allowed us to record of forward-and backward-propagated CARS and fluorescence signals. The set of dichroic mirrors (M) and a series of barrier filters (F) are used for spectral selection of signals for registration. An XY scanner (GSI Lumonics), a Z stage (Piezosystem Jena), and the detection system (Solar TII) allow for acquisition of 1 frame per second in four channels at the same laser scan or series of scans. We characterized the space resolution of CARS system at ∼200 nm in lateral plane and ∼500 nm in Z plane by imaging polystyrene beads with calibrated diameters. Imaging of lipids and proteins was performed at 2840 cm −1 and 2930 cm −1 respectively. Both frequency shifts and their position at the vibration spectrum ( Fig. 1) were chosen to receive the images of the specific macromolecules with the highest contrast to others constituents in their highly mixed conditions (for example, vibration frequency adjustment to 2840 cm −1 and 2930 cm −1 results in the highest ratio of the lipid's signal to the protein's, Fig. 1 ). Close proximity between CARS signal peaks allows for fast tune the pump (OPO) wavelength providing minimum time delay between image scans corresponding to the proteins and lipids. All the acquired CARS images were released from nonresonance background by applying the standard procedure of the digital images processing at the resonance and out of resonance vibration frequencies. In the similar manner lipids' images generated at 2840 cm −1 were released from residual signal of proteins by digital images subtraction. Such digital image processing is applicable in case if no noticeable morphology changes or cell motion between images scans at two different vibration frequencies are expected. In our experiments delay between sequential scans was in a range of several seconds, and we did not observe any inadmissible cell motion or distortion. For Raman spectrometry we used custom made Raman microspectrometer based on the inverted Nikon TE200 microscope, He-Ne laser (Coherent, 632.8 nm) for excitation, fiber-input MS3501i imaging monochromator/spectrograph (Solar TII), and Proscan SI HS 101H CCD camera.
FRAP Data Analysis. FRAP analysis was performed using the Leica SP2 confocal laser scanning microscope and the 488-nm Ar laser as described previously (40) . Cells with representative morphology expressing moderate levels of GFP were randomly selected for the FRAP measurements. FRAP images were acquired every ∼0.25 s for 15-30 sec using a 63 × 1.4 NA oil immersion objective. The FRAP data were obtained from the FRAP module of standard Leica SP2 software installed on a microscope setup. Recovery measurements were quantified by fitting normalized fluorescence intensities of the bleached areas to the prebleached signal intensity. The range of t 1∕2 value is each experimental group of cells is shown on a graph and represented by the dashed areas.
